Background-Endothelin-1, the most potent vasoconstrictor known, is produced in septic states and may be involved in the pathophysiology of the deteriorated splanchnic circulation seen in septic shock. Aims-To elucidate the capability of bosentan, a non-peptide mixed endothelin receptor antagonist, to attenuate splanchnic blood flow disturbances and counteract intestinal mucosal acidosis in endotoxic shock. Methods-In 16 anaesthetised pigs, central and regional haemodynamics were monitored by thermodilution and ultrasonic flow probes, respectively. A tonometer in the ileum was used for measurement of mucosal pH. Onset of endotoxin challenge was followed by bosentan administration (to eight pigs) two hours later. Results-Endotoxin infusion reduced cardiac index and systemic oxygen delivery; bosentan restored these parameters. The reduced mean arterial blood pressure and renal blood flow remained unaVected by bosentan. The profound reduction in gut oxygen delivery in response to endotoxin was completely abolished by bosentan. Bosentan significantly improved the notably deteriorated intestinal mucosal pH and mucosal-arterial PCO 2 gap. The mucosal-portal vein PCO 2 gap, used to monitor the mucosa in relation to the gut as a whole (including the spleen and pancreas), was also greatly increased by endotoxaemia and significantly reversed by bosentan. Conclusion-Bosentan completely restored the profound endotoxin induced reductions in systemic and gut oxygen delivery with a concomitant reversal of intestinal mucosal acidosis. Results suggest that endothelin is involved in the pronounced perfusion disturbances seen in the gut in endotoxic shock. Bosentan may prove useful in reducing gut ischaemia in septic shock. (Gut 1998;42:696-702) 
It is a well established fact that splanchnic ischaemia is associated with multiple organ dysfunction syndrome and mortality in critically ill patients. 1 2 However, the exact pathogenetic mechanism is still unclear and has been the subject of substantial research eVorts.
Barrier dysfunction of the intestinal mucosa appears to be of main pathophysiological importance. The intestinal mucosa is likely to become ischaemic in shock states. 3 Under septic conditions increases in splanchnic oxygen consumption and microcirculatory disturbances may further contribute to ischaemia. [4] [5] [6] Translocation of gut derived bacteria and endotoxin across an ischaemia induced hyperpermeable intestinal barrier has been suggested as an aetiology of multiple organ dysfunction syndrome. 7 8 However, some studies have failed to show translocation in shock and the concept of translocation as a main promoter of multiple organ dysfunction syndrome is still under debate. 9 Tissue damage by gut derived activated neutrophils has been suggested as an alternative aetiology. 10 Mucosal acidosis assessed by gastrointestinal tonometry, proposed as an indicator of mucosal ischaemia, has in several studies been shown to be a good predictor of multiple organ dysfunction syndrome and mortality in critically ill patients. 2 11 The results of the many studies aiming to restore gastrointestinal mucosal pH (pHi), mainly utilising inotropic drugs, have been somewhat conflicting. Some studies have even shown reductions in pHi despite increases in cardiac index and splanchnic oxygen delivery, [12] [13] [14] [15] suggesting inadequate blood flow distribution within the splanchnic region.
Endothelin-1 (ET-1) is an endogenous peptide with highly potent vasoconstrictive properties. It is derived mainly from the endothelium. The precursor, Big ET-1, is split by endothelin converting enzyme to form ET-1 which acts mainly on two receptors: ET A situated on the vascular smooth muscle and ET B situated on both vascular smooth muscle and endothelium. The vascular smooth muscle ET A and ET B receptors mediate contraction while ET B receptors located on the endothelium mediate vasodilatation by release of nitric oxide and prostacyclin. 16 High plasma levels of ET-1-like immunoreactivity (ET-1-LI) have been shown in various septic conditions 17 18 and are associated with morbidity and mortality in patients with sepsis. 19 20 As ET-1 is an extremely potent vasoactive peptide and produced in large quantities in septic states it may well be involved in the splanchnic blood flow disturbances seen in septic shock. Infusion of ET-1 in non-septic rats results in mesenteric vasoconstriction, an eVect attenuated by ET receptor antagonism, 21 and endothelin antiserum has previously been shown to counteract bacteraemia induced intestinal vasoconstriction. 22 Furthermore, endothelin has been reported to promote endotoxin induced translocation in animal models. 23 In the present study, bosentan, a nonpeptide ET A and ET B receptor antagonist, 24 was used in an attempt to attenuate splanchnic blood flow disturbances and counteract splanchnic ischemia in a porcine model of endotoxic shock. In addition to systemic and regional haemodynamic measurements the eVects of bosentan administration on the intestinal mucosa were assessed by tonometry. 25 The systemic haemodynamic parameters (table 1) presented in this study have been published previously.
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Materials and methods
The experimental protocol for this study was approved by the ethics committee for experimental animal research at the Karolinska Institute, Stockholm, Sweden.
ANAESTHESIA AND SURGICAL PREPARATION
Sixteen landrace pigs, with mean weight of 20.6 kg (range 18.0-28.5), were fasted overnight with free access to water. An intramuscular injection of ketamine hydrochloride 20 mg/kg and atropine 25 µg/kg was given as premedication. General anaesthesia was induced by an intravenous bolus injection of pentobarbital 12 mg/kg and maintained by a continuous infusion of 3-6 mg/kg/h; incremental doses were given when needed.
Muscle paralysis was achieved by an infusion of pancuronium bromide 0.5 mg/kg/h. After tracheostomy the animals were mechanically ventilated by a Servo 900 ventilator (Siemens Elema, Sweden). The minute volume was adjusted to keep the animals normoventilated (PaCO 2 4.7-5.8 kPa). The respiratory frequency was set to 18 per minute and FIO 2 to 0.30. The settings were maintained during the experiment. The animals received a continuous infusion of saline with glucose 2.5 mg/ml at a rate of 20 ml/kg/h throughout the experiment.
The body temperature was monitored by a rectal thermistor and maintained at 38-39°C. A multiple lumen catheter was inserted into the right femoral vein and a single lumen catheter into the right femoral artery. A balloon tipped pulmonary artery catheter was positioned in the pulmonary artery by pressure guidance via the left femoral vein. The animals were placed in the semilateral position before midline laparotomy. A catheter was placed in the urinary bladder by a small cystotomy. Another catheter was introduced into the splenic vein and positioned with its tip in the portal vein; its position was verified by palpation of the catheter tip in the portal vein. Ultrasonic flow probes (Transonic Systems Inc., Ithaca, New York, USA) were placed around the right renal artery and portal vein, for continuous registration of regional blood flow. Through a small enterotomy in the ileum a tonometer (sigmoid catheter, Tonometrics Inc., Massachusetts, USA) was inserted for measurement of mucosal PCO 2 .
At the end of preparation the abdomen was closed and the animals fully turned to the left lateral position.
HAEMODYNAMIC MEASUREMENTS AND
CALCULATIONS
The arterial and pulmonary artery catheters were connected to pressure transducers and heart rate (HR), mean arterial blood pressure (MAP), and central venous pressure (CVP) were continuously recorded on a polygraph (Grass 7B, Quincy, Massachusetts, USA). Cardiac index (indexed to body weight, CI) was measured by thermodilution (Edwards Lab 9520A, St Ana, California, USA) and determined as the mean of a triplicate of 10 ml of ice cold saline injections. The systemic vascular resistance index (SVRI) was calculated as MAP−CVP/CI. Blood samples were collected from the femoral artery, pulmonary artery, and portal vein catheters for analysis of blood gases on an ILS 1610 blood gas analyser (Instrumental Laboratories, USA). Systemic oxygen delivery index (DO 2 BIOCHEMICAL ANALYSIS Arterial and portal plasma levels of ET-1-LI were analysed by radioimmunoassay as described previously. 27 Hb concentration was measured spectrophotometrically (haemoglobin photometer, Leo, Helsingborg, Sweden).
ENDOTOXIN
Escherichia coli lipopolysaccharide (serotype 0111: B4, Sigma, St Louis, USA) was used. Prior to infusion, the endotoxin was dissolved in saline and heated in order to dissolve any precipitate.
EXPERIMENTAL PROTOCOL
The animals were allowed one hour of rest after surgery; thereafter baseline measurements were made at one hour (T −1h ) and at 30 minutes (T −0.5h ) prior to onset of endotoxin challenge at T 0h . Endotoxin infusion was started at a rate of 2.5 µg/kg/h and was increased stepwise until reaching 20 µg/kg/h after 30 minutes. The infusion was discontinued after three hours (T 3h ). At T 2h eight animals received a bolus injection of 10 mg/kg bosentan (F HoVmann LaRoche Ltd, Basel, Switzerland) followed by a continuous infusion of 5 mg/kg/h maintained throughout the experiment. The other eight animals receiving only endotoxin served as a control group.
Every 30 minutes cardiac output (CO), HR, MAP, CVP, and blood flow in the portal vein and renal artery were recorded. PCO 2 in saline, obtained from the tonometer, was analysed together with samples from arterial, mixed venous, and portal blood every hour as was Hb. The experiments were terminated at T 5h and the animals were sacrificed by injection of a lethal dose of sodium pentobarbital.
STATISTICS
Data are presented as mean (SEM). Univariate analysis of variance for repeated measures was used for comparison between groups. In cases of significant interactions, time matched between group contrasts were used for diVerences between groups at T 0h (before endotoxaemia), T 2h (before intervention), and T 5h (at end of experiment). Changes in time were analysed between T 0h and T 2h . Data were considered significant at p<0.05. Statistica 5.0 software (StatSoft Inc., Oklahoma, USA) was used for statistical calculations.
Results
No significant diVerences in any parameter were found between the endotoxin control group and the bosentan treated group at baseline (T 0h ) or after two hours of endotoxin infusion, immediately before onset of bosentan intervention (T 2h ). One animal in the control group died 2.25 hours after onset of endotoxaemia.
SYSTEMIC HAEMODYNAMICS, OXYGEN DELIVERY, AND CONSUMPTION
Endotoxaemia resulted in a distinct reduction in CI and MAP while SVRI was unchanged apart from an early peak at T 0.5h (table 1) . Bosentan intervention resulted in a restoration of CI back to baseline levels with a significant diVerence between groups at T 5h while MAP remained unaVected. SVRI was significantly reduced in response to bosentan administration. A DO 2 i decrease in parallel with CI and a slight increase in VO 2 i were observed in response to endotoxaemia. Bosentan intervention reversed the reduction in DO 2 i resulting in significant diVerences between groups at T 5h . VO 2 i remained unaVected by bosentan treatment and no significant diVerences between groups were observed (table 1).
REGIONAL HAEMODYNAMICS, OXYGEN DELIVERY, AND CONSUMPTION
Qpvi and DO 2 igut were notably reduced while VO 2 igut was slightly but significantly increased in response to endotoxin challenge (fig 1) . Bosentan completely restored Qpvi and DO 2 igut with highly significant diVerences between groups at T 5h . VO 2 igut was not altered by bosentan. Endotoxaemia resulted in a significant reduction in renal artery blood flow index (table 2) . Bosentan administration had no influence on this parameter. SpvO 2 decreased rapidly after onset of endotoxaemia and was completely restored by bosentan treatment with a significant diVerence between groups at T 5h .
INTESTINAL TONOMETRY
While there was a small mucosal-arterial PCO 2 gap around 2 kPa, no mucosal-portal PCO 2 gap was observed at baseline. Endotoxaemia induced a significant reduction in pHi and mucosal-arterial PCO 2 gap and mucosal-portal PCO 2 gap were significantly increased (fig 2) . Bosentan notably improved both pHi and mucosal-arterial PCO 2 gap resulting in significant diVerences between groups at T 5h . Mucosal-portal PCO 2 gap was also significantly reduced by bosentan administration leading to a significant diVerence between groups at T 5h . 
ACID-BASE STATUS AND HAEMOGLOBIN
Base excess and arterial pH decreased significantly in response to endotoxin challenge while bosentan administration resulted in a discernible diVerence between groups at T 5h ; this was, however, significant only for base excess (table  2) . A haemoconcentration followed induction of endotoxaemia with a peak in Hb concentration at T 1h . Bosentan treatment reduced Hb concentration compared with that in control animals resulting in a significant diVerence between groups at T 5h .
ENDOTHELIN-1-LIKE IMMUNOREACTIVITY
Endotoxaemia led to a three to fourfold increase in arterial and portal vein plasma ET-1-LI levels at T 2h (table 2) . Administration of bosentan dramatically increased both arterial and portal vein ET-1-LI plasma levels to Time (hours) Gut oxygen consumption index (ml/kg/min) the same extent, resulting in significant diVerences between groups at T 5h .
Figure 1 Portal blood flow index (A), portal venous oxygen saturation (B), gut oxygen delivery index (C), and gut oxygen consumption index (D). Control group, n=8; bosentan treated group, n=8. Significant diVerences between groups at
Discussion
The purpose of the present study was to elucidate whether the mixed ET receptor antagonist bosentan could reverse a notably deteriorated gut circulation induced by endotoxaemia. The most important findings were that bosentan completely restored portal blood flow, almost doubled gut oxygen delivery, and substantially reversed intestinal mucosal acidosis.
Endotoxin challenge induced pronounced alterations in systemic haemodynamics, causing a progressive decline in cardiac index and mean arterial blood pressure. As a consequence of the cardiac index decrease systemic oxygen delivery was reduced. Bosentan given two hours after onset of endotoxaemia notably improved cardiac performance, and as a result, systemic oxygen delivery, while mean arterial blood pressure remained unchanged, indicating systemic vasodilatation. These results are in line with previous findings where pretreatment with bosentan has been shown to improve cardiac index in porcine endotoxaemia. 28 In the present study endotoxin induced profound reductions in portal blood flow and gut oxygen delivery; these results are in agreement with those of other authors. 29 However, the results of previous studies are conflicting as endotoxin administration or sepsis may not aVect or even increase gut oxygen delivery, although there are usually further increases in gut oxygen consumption. In the clinical setting, from which a number of reports of increased gut oxygen delivery in sepsis originate, patients are undoubtedly subject to volume resuscitation contributing to the hyperdynamic state and increased gut oxygen delivery. 4 30 Analogously, in animal studies utilising hyperdynamic, volume loaded models, maintained or increased gut oxygen delivery are common findings. 31 32 In our study there was a hypodynamic response to endotoxin and one may argue that the model is inadequately resuscitated in terms of volume loading. However, in spite of the hypodynamic response, bosentan was able to restore both systemic and gut oxygen delivery. There was a significant increase in gut oxygen consumption despite the profound reduction in gut oxygen delivery in response to endotoxin administration. Furthermore, the notable improvement in gut oxygen delivery in response to bosentan treatment was not associated with an increase in oxygen consumption. These findings suggest that oxygen consumption was not supply dependent in the gut. This may seem somewhat surprising considering the profound reduction in gut oxygen delivery in response to endotoxin and the fact that gut oxygen extraction capability has been reported to be reduced due to increased gut capillary transit time heterogeneity in endotoxic shock. 6 However, gut oxygen supply dependency has been diYcult to show in several experimental studies, suggesting that gut oxygen extraction capability may be suYcient in these models despite microcirculatory disturbances. 33 The use of calculated pHi, obtained by tonometry, to assess mucosal ischaemia has been criticised as it may be aVected by respiratory acid base disorders and treatment with buVering agents. 34 35 Therefore, we also used the mucosal-arterial PCO 2 gap, focusing on the diVerence between mucosal and arterial PCO 2 , proposed as a more specific indicator of mucosal ischaemia by several authors. 25 36 In addition, the mucosal-portal PCO 2 gap, focusing on the diVerence between the intestinal Time (hours) 2 1 -1 0 C * mucosa and the gut as a whole (including pancreas and spleen), was measured. Endotoxaemia resulted in a pronounced intestinal mucosal acidosis as indicated by both calculated pHi and mucosal-arterial PCO 2 gap, findings in line with previous studies where tonometry has been shown to be a sensitive method when assessing the intestinal mucosa in experimental sepsis. [37] [38] [39] There were no apparent diVerences between calculated pHi and mucosal-arterial PCO 2 gap in terms of significance between groups. This may in part be explained by the experimental situation with controlled normoventilation. The development of a mucosal-portal PCO 2 gap in response to endotoxin illustrates, as tonometry mainly reflects the mucosal layer, the susceptibility of the mucosa in relation to the gut as a whole (including the spleen and pancreas). Bosentan improved calculated pHi and decreased both mucosal-arterial PCO 2 gap and mucosal-portal PCO 2 gap. These findings suggest that endothelin may be involved in intestinal perfusion disturbances seen in endotoxaemia.
Apart from counteracting vasoconstriction bosentan may also reduce ET-1-induced capillary protein and plasma leakage, possibly mediated by increased leucocyte adhesion to the endothelium. 40 This concept is supported by the reduction in haemoconcentration in the bosentan treated group as compared with controls, indicating an increased intravascular volume in the bosentan treated group contributing to improved perfusion. Furthermore, bosentan may reduce endothelin induced tissue oedema secondary to protein leakage and thereby promote tissue oxygen transport. Tissue oedema may also be reduced by improved lymph drainage by bosentan as ET-1 has been shown to reduce lymph flow notably. 41 The venoarterial response (an increase in mesenteric arterial resistance in response to an increased portal vein pressure), is abolished in endotoxaemia. 42 As portal vein resistance is reported to increase in endotoxaemia this may contribute to intestinal oedema and splanchnic blood pooling. 43 Interestingly, in several studies ET-1 is reported to be a three to 10 times more potent constrictor of large veins than arteries, 44 suggesting that antagonism of ET-1 by reducing portal vein resistance may counteract intestinal oedema in endotoxaemia.
Interventions leading to an increase in cardiac output may not necessarily result in improved mucosal pH and in fact even an increased splanchnic blood flow has been shown to result in reductions in mucosal pH, [12] [13] [14] [15] suggesting tissue perfusion mismatch. The present intervention aimed to counteract the action of a potent vasoactive endothelium derived peptide produced in large quantities in endotoxic shock. The increase in cardiac output and splanchnic blood flow was followed by an increased mucosal pH, suggesting that endothelin may well be involved in the microcirculatory disturbances seen in endotoxaemia. These findings are further supported by Wilson et al who showed, using intravital microscopy, that endothelin antiserum attenuates intestinal microvascular vasoconstriction induced by bacteraemia. 22 The relation between mucosal pH and oxygenation in sepsis is complex. Antonsson and Haglund 45 showed a reduced mucosal pH despite a normal intraluminal PO 2 in a peritonitis model, whereas in haemorrhagic shock both parameters were reduced. Similar findings were made by VanderMeer et al who reported reductions in mucosal pH despite normal mucosal PO 2 in endotoxaemia. 31 Revelly et al found a reduced mucosal pH simultaneously with an increase in mucosal blood flow in a model of porcine hyperdynamic endotoxic shock. 32 These findings suggest that factors other than ischaemia may contribute to mucosal acidosis in sepsis. Among the pathophysiological factors, contributing to disturbances in oxygen utilisation, nitric oxide has been suggested. 33 This highly reactive gas, reported to be produced in large amounts in endotoxic shock, 46 has been put forward as an inhibitor of the mitochondrial electron transport chain, 47 reducing the production of ATP and thereby contributing to acidosis. Interestingly, stimulation of endothelial ET B receptors has been shown to promote production of nitric oxide, 16 suggesting that an ET receptor antagonist such as bosentan may attenuate nitric oxide formation.
Renal perfusion was not improved by bosentan, suggesting that the sustained hypoperfusion is maintained by other mechanisms and/or a diVerent endothelin receptor distribution in the kidney, resulting in a lack of response to bosentan. In healthy volunteers, exogenous ET-1 induces a more pronounced vasoconstriction in the splanchnic than in the renal vascular bed, indicating that the splanchnic circulation may be more sensitive to ET-1. 48 These findings are somewhat inconsistent with a previous study where ET-1 antibodies were shown to improve renal function in septic rats. 49 ET-1-LI plasma levels increased substantially in response to endotoxin and the increase was notably accentuated by bosentan treatment. A rise in plasma ET-1-LI in response to bosentan administration is found in both humans and animals of diVerent species in several studies. 28 50 51 The levels of prepro-ET-1 mRNA and circulating Big ET-1 are unchanged in response to bosentan administration, 28 52 indicating that bosentan has no eVect on ET-1 synthesis. A rise in plasma ET-1-LI is not seen when using a selective ET A antagonist. 50 52 Furthermore, selective ET B receptor antagonism almost abolishes pulmonary extraction of circulating ET-1 in dogs while ET A receptor antagonism had no such eVect. 53 These findings indicate that the ET B receptor is deeply involved in the elimination of ET-1 in plasma. It is likely that the increase in circulating ET-1-LI plasma levels in response to bosentan administration is due to a decreased endothelium located ET B receptor mediated elimination of ET-1 from plasma. There were no apparent diVerences between ET-1-LI levels in arterial and portal vein plasma. These results indicate that the production of ET-1 in the gut did not exceed the elimination significantly. These findings are in line with those of Myhre et al. 54 In conclusion, bosentan completely restored the profound reductions in systemic and gut oxygen delivery induced by endotoxin. These changes were followed by a distinct improvement of intestinal mucosal pH. The findings suggest that endothelin is an important mediator of the notable perfusion disturbances seen in the gut during endotoxic shock. Endothelin receptor antagonism may prove useful in reducing gut ischaemia in septic shock conditions. endotoxin shock intestinal mucosal acidosis in porcine restores gut oxygen delivery and reverses The endothelin receptor antagonist bosentan
